The phenomena of flocculation and floc formation by Azospirillum brasilense Sp7 (ATCC 29145) and Azospirillum lipoferum Sp59b (ATCC 29707) were studied in aerobic liquid cultures. Carbon sources representative of various entry pathways in combination with various nitrogen sources induced flocculation in both species of azospirilla. Noticeably, the combination of fructose and nitrate was the most effective in terms of floc yields. Phase-contrast microscopic observations revealed a transition in cell morphology from freely motile, vibrioid cells to nonmotile, highly refractile encysting forms during the formation of flocs. The nonmotile forms in flocs appeared to be entangled within a fibrillar matrix, and the cells were highly resistant to desiccation. Dried flocs kept for almost 6 months still tnaintained the highly refractile encysting forms, and their viability was confirmed by pellicle formation and acetylene reduction in semisolid malate medium. Electron microscopic observations of the desiccated flocs revealed the presence of cell forms containing abundant poly p-hydroxybutyrate granules within a central body and surrounded by a thick layer of exopolysaccharides. The latter were characterized by alkali and acid digestion, crude cellulase hydrolysis, and calcofluor staining. It was concluded that the overproduction of exocellular polymers induces the flocculent growth and is associated with the concomitant transformation of vegetative cells to the desiccation-resistant encysting forins under limiting cultural conditions. Azospirillum spp. have been shown to be a common inhabitant of tropical and temperate soils and have also been shown to reduce acetylene in culture media and in association with the roots of forage grasses, cereals, and other plants (11, 19, 26) . A. brasilense and A. lipoferum are known to grow well in culture media on a variety of carbon sources, including various sugars and organic acids (15, 24, 30, 32) . These organisms, under aerobic conditions, also grow well on a variety of combined nitrogen sources, including ammonia, nitrate, or amino acids (20, 21, 22, 24) .
The phenomena of flocculation and floc formation by Azospirillum brasilense Sp7 (ATCC 29145) and Azospirillum lipoferum Sp59b (ATCC 29707) were studied in aerobic liquid cultures. Carbon sources representative of various entry pathways in combination with various nitrogen sources induced flocculation in both species of azospirilla. Noticeably, the combination of fructose and nitrate was the most effective in terms of floc yields. Phase-contrast microscopic observations revealed a transition in cell morphology from freely motile, vibrioid cells to nonmotile, highly refractile encysting forms during the formation of flocs. The nonmotile forms in flocs appeared to be entangled within a fibrillar matrix, and the cells were highly resistant to desiccation. Dried flocs kept for almost 6 months still tnaintained the highly refractile encysting forms, and their viability was confirmed by pellicle formation and acetylene reduction in semisolid malate medium. Electron microscopic observations of the desiccated flocs revealed the presence of cell forms containing abundant poly p-hydroxybutyrate granules within a central body and surrounded by a thick layer of exopolysaccharides. The latter were characterized by alkali and acid digestion, crude cellulase hydrolysis, and calcofluor staining. It was concluded that the overproduction of exocellular polymers induces the flocculent growth and is associated with the concomitant transformation of vegetative cells to the desiccation-resistant encysting forins under limiting cultural conditions. Azospirillum spp. have been shown to be a common inhabitant of tropical and temperate soils and have also been shown to reduce acetylene in culture media and in association with the roots of forage grasses, cereals, and other plants (11, 19, 26) . A. brasilense and A. lipoferum are known to grow well in culture media on a variety of carbon sources, including various sugars and organic acids (15, 24, 30, 32) . These organisms, under aerobic conditions, also grow well on a variety of combined nitrogen sources, including ammonia, nitrate, or amino acids (20, 21, 22, 24) .
Recently, special attention has been given to the use and metabolism of fructose by strains of A. brasilense and A. lipoferum grown with N2 or NH4Cl as the nitrogen source (4, 9, 15, 32) . During recent investigations in our laboratory on the various carbon sources for nitrate-dependent growth by azospirilla, we observed intense flocculation in media containing fructose and nitrate. A medium containing KNO3 and glucose has been reported to enhance exopolysaccharide synthesis in certain soil bacteria (14) . Also, flocculation in liquid culture medium has been reported for several gramnegative bacteria, but azospirilla were not included in those studies (5, 8, 16) . Thus, this research was undertaken to study the following: (i) the optimization of cultural conditions to achieve maximum flocculation, (ii) the interaction betWeen carbon and nitrogen sources to bring about flocculation, and (iii) the ultrastricture and chemical characterization of the flocs. (In this paper, "floc formation" refers to the aggregation of cells during growth, and "flocculation" refers to the clumping of cells in a turbid suspension.) MATERIALS photographed either directly on a petri dish or under a Nikon phase-contrast microscope.
Fresh flocs were stained with 0.025% calcofluor (American Cyanamid Co., Pearl River, N.Y.) which yields fluorescence staining of cellulose and other P-linked polysaccharides (16) . Stained preparations were examined under a long-wavelength UV lamp and Nikon epifluorescence microscope with a UV excitation filter at 330 to 380 nm. The NB-grown cells were pelleted and stained with calcofluor to serve as the control.
Quantification of flocs. The net weight of flocs was obtained by filtering the flocs through filter paper (Whatman no. 1) and weighing after the paper and flocs were air-dried for 30 min. For the dry weight measurements, the flocs were dried in a desiccator oven at 80°C for 2 h.
Viability test and phase-contrast microscopy of desiccated flocs. The dried flocs obtained as described above were stored in a closed vial at room temperature (30°C) for up to 6 months. A small piece of the dried floc was transferred to the semisolid nitrogen-free malate medium (6) and incubated at 34°C for 24 to 48 h to observe growth, pellicle formation, and acetylene reduction. The dry flocs of A. brasilense and A. lipoferum were also photographed under a phase-contrast microscope after imbibition of the flocs in KPO4 buffer (pH 6.8; 100 mM) for 10 min. Ultrastructural studies of desiccated flocs. The dried flocs were fixed in 1% glutaraldehyde for 4 h, followed by 1% osmium tetroxide fixation for 10 h, dehydrated in a series of graded ethyl alcohol solutions, and finally embedded in Spurr plastic as described by Cole and Popkin (3) . Ultrathin sections were cut in an ultramicrotome and observed under a transmission electron microscope (Siemen model 1A Elmiscope).
Chemical characterization of floes. (i) Alkali and acid treatment. A 500-mg (fresh weight) sample of 72-h-old flocs was treated with 10 ml of 1 N NaOH for 1 h at 100°C to dissolve the cellular proteins and nucleic acids (5) . The residue (NaOH-insoluble fraction) was further treated with 5 ml of 0.66 N HCl for 2 h at 100°C to eliminate noncellulosic glucans (5) . The remaining residue was treated with 2 ml of 6 N HCl for complete hydrolysis. Later, dry weights of the insoluble fractions of 1 N NaOH and 0.66 N HCl hydrolysis of the flocs obtained from a 5-liter culture in 8 mM fructose-0.5 mM KNO3 were also recorded.
(ii) Cellulase digestion of cellulosic material. The NaOHinsoluble residue was suspended in 2 ml of 0.05 M sodium citrate buffer (pH 4.5), to which was added 20 (Fig. 1A ). Flocs were never observed in NB cultures. The doubling time during the log phase of the cultures was between 1.5 and 2 h. Similar growth patterns were also obtained after transferring washed NB-grown cells into a medium containing 40 mM malate as the sole carbon source and 5 mM KNO3 as the nitrogen source to an initial ODw0 of <0.1 (Fig. 1B) . However, the cells did not grow to the log phase in a medium containing fructose and nitrate. Instead, the inoculum grew only up to a period of 6 h and after reaching an OD6w of 0.2, the cells started aggregating, and no further increase in turbidity could be measured due to interference by the flocs (Fig. 1B) . In the case of malate and KNO3 medium, trace quantities of flocs began to appear after 10 to 20 h of incubation.
(ii) Flocculation. The phenomenon of flocculation also occurs in the case of Azospirillum cultures. When the washed cells of a log-phase culture grown in NB was transferred to a minimal medium containing (8 mM) fructose and (0.5 mM) KNO3 to an initial turbidity of >0.2, the inoculum, instead of growing, flocculated immediately within 2 to 4 h, leaving behind a clear supernatant ( Fig. 2A) .
Optimization of media condition for floc formation and flocculation. The conditions for floc formation and floccula- appearing in the media containing various concentrations of carbon and nitrogen sources and by measuring the pH of the medium. Sugars (fructose and glucose) were found to yield more flocs than the organic acids (Table 1) . In a second experiment, a representative from the organic acids (malate) and one from sugars (fructose) were chosen to study the effects of various concentrations of carbon sources on floc formation and flocculation. Carbon source concentrations of 8 mM yielded better flocs in fructose medium than in malate medium (Table 2 ). There were no significant pattern differences in floc formation or flocculation by changing the concentrations of carbon sources. However, in a medium lacking carbon, the inoculum remained suspended freely, and the cells were vibrioid with impaired motility and receding cytoplasm. Table 3 gives the effects of nitrogen sources on floc formation and flocculation. A medium containing KNO3 yielded more flocs than did any other nitrogen source. The formation of flocs did not appear to be pH dependent, since a medium supplemented with NH4Cl decreased in pH to between 5.9 and 6.4 (acidic) and yielded less flocs than did a medium with NH4NO3 whose pH remained between 6.9 and 7.1, which is about the optimum pH at which azospirilla grow.
Floc formation and flocculations were also compared in a medium with 8 mM fructose and increasing concentrations of KNO3 ranging between 0.5 and 20 mM. It was observed that all concentrations (.s5 mM, 10 change upon flocculation (Fig. 3) . Cells grown in NB appeared as actively motile curved rods and did not form any kind of aggregation (Fig. 3A) . The cells (absorbance at 660 nm, 0.2 to 0.4), when transferred from NB to minimal medium containing fructose (8 mM) and KNO3 (0.5 mM), lost their characteristic motility and assumed a more oval to spherical shape within a period of 2 to 4 h ( Fig. 3B and 3C ). These nonmotile cells appeared to be entangled in a mesh of fibrillar material which was not easily separable, even after hard pressing between slide and cover slip. Flocs observed after 1 week of culture were arranged as a very compact aggregate of refractile cells, a very different configuration from that observed with fresh flocs 24 h after inoculation or transfer (Fig. 3D) . Thus, cell types, metabolic activity, and patterns of aggregation also appear to change with culture age under conditions conducive to flocculation. Viability and phase-contrast microscopy of desiccated flocs.
Desiccated flocs maintained for up to 6 months were found to be viable after transfer into semisolid malate medium and incubation for 48 h at 37°C. The typical subsurface pellicle formed was found to reduce acetylene to ethylene. The dry flocs under a phase-contrast microscope revealed the presence of encysting forms which were still highly refractile ( Fig. 4A and B) . The refractile forms were ob- served to be embedded inside a honeycomb-like network of extracellular matrix (Fig. 4C, arrows) . Figure 4D shows the caste of the material after the central resting cell was removed by gentle tapping.
Ultrastructure of desiccated flocs. The ultrastructures of A. brasilense are shown in Fig. 5a , c, and e, and the ultrastructures of A. lipoferum are shown in Fig. 5b, d , and f. The vegetative cells (Fig. 5a and b) are vibrioid, with minimal quantities of refractile granules which are reported to be poly f-hydroxybutyrate (PHB) (23) . The highly refractile central bodies and the transformed vegetative cells in the floc are shown in Fig. 5e and d, respectively. These forms are very different from vegetative cells in the properties of nonmotility and enlargement into a round, central body with abundant PHB granules. The central body is surrounded by thick capsular material. Ultrathin sections of the dry flocs ( Fig. 5e  and f) show a network of extracellular matrix tightly holding together the encysting cell forms.
Chemical characteristics of flocs. (i) Alkali and acid hydrolysis. Treatment of flocs with 1 N NaOH yielded two fractions, one NaOH soluble and one NaOH insoluble. The soluble fraction was presumed to contain proteins and nucleic acids, and the insoluble fractions, which were 300 and 600 mg (dry weight)/5 liter of A. brasilense and A. lipoferum, respectively, were expected to contain the exocellular polysaccharides. The treatment of NaOH-insoluble fractions with 0.66 N HCI at 100°C for 2 h possibly removed all a-glucans and left granular and fibrillar residues whose dry weights were 2 and 4 mg/5-liter culture of A. brasilense and A. lipoferum, respectively. This residue was completely hydrolyzed by treatment with 6 N HCI.
(ii) Cellulase digestion of alkali-insoluble fraction. Table 5 gives the quantities of reducing sugars released during the cellulase digestion as measured by the Nelson-Somogyi method (18) . It was also observed that crude cellulase failed to disperse untreated flocs, indicating that cellulose was not the sole component involved in flocculation but that other polysaccharides were involved. However, the insoluble NaOH residue did disperse significantly but not completely, leaving behind reducing sugars and trace amounts of precipitates which could be completely hydrolyzed in 6 N HCl.
(iii) Calcofluor staining of wet flocs. To complement our chemical characterization of flocs, 72-h-old floc, when stained with 0.025% calcofluor dye, exhibited fluorescence in a UV lamp, and the same was later confirmed with an epifluorescence microscope. The NB-grown cells did not fluoresce after staining with calcofluor (data not shown).
DISCUSSION
The results presented throughout this report have shown conclusively the phenomena of floc formation and flocculation in cultures of A. brasilense (ATCC 29145) and A. lipoferum (ATCC 29707). We have provided evidence for the cultural conditions required to consistently bring about massive flocculation yielding exocellular polymers in liquid cultures of these bacteria.
Malate has been the preferred carbon source for nitratedependent growth of these bacteria (2, 13, 21 The capsule formation and the production of exocellular polysaccharides are the prerequisites for the development of a mature cyst (27) . The exines of the Azotobacter cysts are known to be composed of basic units of polysaccharides complexed with divalent cations (7, 28) . The capsular forms (C forms) of azospirilla reported by Berg et al. (1) were considered to be active, nitrogen-fixing cells modified to protect the 02-sensitive nitrogenase enzyme to facilitate nitrogen fixation (1). These C forms were obtained on a limiting carbon and nitrogen medium (2 g/liter concentration of malate and 0.5 mM KNO3) and ultrastructurally are similar to the dry flocs reported in this paper. The C forms were not believed to be resting structures due to the lack of characteristic exines and intines of a mature cyst as described in Azobacter spp.; hence, no desiccation experiments were conducted (1). However, we have shown that the flocs were resistant to desiccation for up to 6 months and are still viable. By definition, the cysts are the transformed vegetative cells containing abundant PHB granules with a high degree of resistance to desiccation (27, 28) . Like Azotobacter spp., azospirilla have also been isolated from 15-year-old dry soil samples (10, 31 (27) . In a liquid culture medium, the lack of development of exine and intine had been reported in Azotobacter spp. (12) . However, the induction of exine formation was achieved by the addition of the flocculating divalent cations such as CaNO3 (29) . Thus, the lack of observation of a definite exine and intine in Azospirillum sp. may be a matter of identifying the specific chemical agents and cultural conditions for their induction. The report here of the desiccation-resistant forms in flocs suggests that the bacteria, upon transfer from complete nutrient medium to a nutritionally minimal medium, immediately undergo metabolic changes and synthesize the polysaccharides which are necessary for encystation during desiccating conditions. Also, extracellular polymers such as polysaccharides and cellulose microfibrils in flocs have been reported to play a possible role in the infection process in the rhizosphere and cell suspension cultures of carrots by causing aggregation of the infecting bacterial cells (16, 17) . In this report, we have shown that the polysaccharides may also be playing a role in the survival mechanism of these bacteria under stress conditions such as desiccation and nutritional limitation. It may be possible that if the conditions in nature in the rhizosphere were favorable for infection, e.g., a microaerophilic condition and presence of suitable carbon and nitrogen sources in the form of root exudates, then the aggregated cells might shift their metabolic activity from encystation to germination and adsorption of the roots. This, however, is yet to be confirmed. This paper also demonstrates that azospirilla can be induced to produce extracellular polysaccharides by manipulating the culture medium, and thus it will enable future researchers to identify and screen for strains varying in their exopolysaccharides and, thereby, the nature of aggregation and adsorption.
